A novel palladium-catalyzed intramolecular oxidative alkylation of unactivated olefins is described. This protocol was devised to solve one of the drawbacks of the original palladium-catalyzed cycloalkenylation that we developed. We call this new procedure the 'second generation palladium-catalyzed cycloalkenylation'. This protocol has been applied to the total syntheses of cis-195A, trans-195A, boonein, scholareins A, C, D, and α-skytanthine.
To expand the utility of the palladium-catalyzed cycloalkenylation, we undertook an effective synthesis of 6oxabicyclo[6.3.0.0 1, 5 ]undecane, which is a partial structure of ginkgolide C (1; Figure 1) [10]. Although ketene silyl acetal 2 afforded the desired tricyclic compound 3 using palladiumcatalyzed cycloalkenylation, the yield was only 11%, probably due to the instability of the ketene silyl acetal 2 (Scheme 1) [11] .
To solve this problem, we developed a novel protocol to prepare the aforementioned 6-oxabicyclo[6.3.0.0 1, 5 ] undecane. Thus, the desired compound 5 could be synthesized in good yield using palladiumcatalyzed oxidative cyclization of olefinic lactone ester 4 (Scheme 2). We named this new method the second generation palladiumcatalyzed cycloalkenylation [12] .
To expand the utility of this protocol, we explored the application of the second generation palladium-catalyzed cycloalkenylation to olefinic ketones and lactones. Representative examples are summarized in Table 1 [12] . When the reaction was performed at room temperature with β-keto ester 6, exo-olefin 7 was isolated in 43% yield along with 2% of endo-olefin 8 (entry 1). Increasing the reaction temperature to 45 °C increased the yield of 7, however 8 was obtained in 23% yield (entry 2). Further increasing the reaction temperature made this reaction more complex, and compound 9 was generated in 5% yield (entry 3). The best yield (84%) was obtained when this reaction was subjected to bicyclic compound 12 (entry 7).
The stability order was found to be 8 > 9 > 7 for the cyclization products of the unsaturated β-keto ester 6 by DFA calculations (B3LYP/6-311) [13] . The kinetic product of the catalytic cyclization may have been exo-olefin 7, which was transformed through isomerization under the reaction conditions into the Toyota thermodynamically more stable compounds (8 and 9) . At this stage, the stereochemistry of the methyl group in 9 was not determined.
The prevalence of the bicyclo[3.2.1]octane ring system as a structural subunit in bioactive natural products, such as gibberellins [14] , and aphidicolin [15] , inspired the adaptation of the above methodology to the synthesis of this ring system [16] . The second generation palladium-catalyzed cycloalkenylation of 19 was examined. The results of these tests were summarized in Table 2 . Subjection of compound 19a to the second generation palladiumcatalyzed cycloalkenylation gave bicyclo[3.2.1]octane 20a in 58% yield, together with 12% of phenol 22 (entry 1). It should be noted that one atmosphere oxygen pressure may not be required for cyclization (entry 3). Substrate 19b, which includes a methyl group at the angular position, produced better yields (entries 4-8) than 19c or 19d, each of which included a bulky substituent group at the angular position, which decreased the yield of the corresponding cyclization products (entries 9-14).
Since 3-azabicyclo[3.3.0]octanes and 3-azabicyclo[4.3.0]nonanes present major classes of nitrogen-containing heterocycles, which play increasingly important roles in drug discovery, we became interested in adapting our protocol to generate an efficient approach to synthesize these frameworks. Accordingly, we applied the second generation palladium-catalyzed cycloalkenylation to unsaturated lactam esters 23 and 26. Compound 23c produced the best result (entry 3), indicating that the tertiary butyl group is a suitable protecting group for the lactam moiety in compound 23. Next, we investigated the reaction using δ-lactam 26. Although the N-methyl substrate 26a afforded the corresponding cyclization products, 27a and 28a, in moderate yield as a 1:1.6 mixture (entry 6), the yield was slightly worse for the reaction with the N-benzyl substrate 26b (entry 7). The N-tertiary butyl substituent was ineffective (entry 8).
Together, the results showed that compounds 23 afforded better yields (entries 1-5) as compared to compounds 26 (entries 6-10).
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Reaction Mechanism
A plausible reaction mechanism for the second generation palladium-catalyzed cycloalkenylation with unsaturated keto lactone, or lactam ester A is shown in Scheme 3. First, Pd(OAc) 2 acts as a Lewis acid and activates the terminal olefin. Then, an intramolecular nucleophilic attack of the enolate to the activated olefin moiety occurs in 5-exo-trig mode (step B). Subsequently, the resulting alkyl-Pd(II) complex undergoes β-elimination (step C), providing cyclization to compound D and H-Pd(II)-OAc. Reductive elimination of AcOH from the above complex generates the Pd(0) species. Finally, the catalytic cycle is completed by the regeneration of Pd(OAc) 2 using molecular oxygen as an oxidant. 
Application of the New Reaction to Bioactive Natural Product Synthesis (1) Total Syntheses of cis-and trans-195A
First, we investigated the application of this catalytic cyclization protocol in the synthesis of cis-195A (29), a member of the decahydroquinoline class of dendrobatid alkaloids. Cis-195A (29) was originally isolated in 1969 from skin extracts of Dendrobates pumilio, a brightly colored Panamanian poison dart frog [17] . Since then, cis-195A (29) has been an attractive and challenging target in organic synthesis because of its intriguing pharmacological properties and unique structure [18] .
The retrosynthetic analysis of cis-195A (29) is outlined in Scheme 4. Since the transformation of lactam 30 into cis-195A (29) had been achieved by Oppolzer and coworkers, we focused on a stereoselective construction of bicyclic lactam 30. We anticipated that the Beckmann rearrangement of oxime 31 would proceed regioselectively to afford 30. We believed that 31 would be synthesized by a series of functional group manipulations of exoolefin 32, which would be prepared employing the palladiumcatalyzed oxidative cyclization of olefinic keto ester 33 as a key step. Finally, trans-substituted cyclohexanone 33 would be stereoselectively obtained from 34 by means of tandem Michael reaction-carbomethoxylations.
Our approach begins with the synthesis of hydrindanone 40 by the route depicted in Scheme 5. Conjugate addition of homoallyl magnesium bromide followed by quenching with methyl cyanoformate gave rise to 3,4-trans-disubstituted cyclohexanone derivative 33 as a 10:1 diastereomeric mixture of esters in 95% yield. Next, the second generation palladium-catalyzed cycloalkenylation of 33 was performed in the presence of 10 mol % of Pd(OAc) 2 to furnish the desired exo-olefin 32 in 78% yield, together with the endo-olefin 35 (14%) and cyclohexenone derivative 36 (3%). After separation of the mixture using silica gel column chromatography, exo-olefin 32 was subjected to hydride reduction followed by tosylation to afford tosylate 37 in 69% overall yield. Reduction of 32 with NaBH 4 in the absence of CeCl 3 •7H 2 O increased the yield of the undesired corresponding alcohol. Ozonolysis of 37 and reductive work-up afforded the keto tosylate 38 in 79% yield. Conversion of 38 to 39 was achieved by elimination of the tosylate moiety followed by hydrogenation of the resultant olefin. A Krapcho reaction using lithium chloride was Toyota performed on 39 to afford hydrindane 40 as a 3:2 mixture of diastereoisomers with epimerization (Scheme 5).
Each stereoisomer was easily isolated by silica gel column chromatography, and cis-hydrindane 40a was used to generate (±)cis-195A (29). Elaboration of cis-hydrindane 40a into (±)-cis-195A (29) was achieved by applying Oppolzer's procedure. Specifically, 40a was transformed into a 1:1 mixture of stereoisomers of oximes 31, which were subjected to a Beckmann rearrangement to afford lactam 30 as a single regioisomer in 67% overall yield. Next, lactam 30 was converted to lactim-ether 41, using trimethyloxonium tetrafluoroborate in the presence of Hunig's base. Compound 41 was treated with propylmagnesium bromide under reflux in benzene followed by DIBAL-H at −78 °C to provide (±)-cis-195A (29) in 46% yield over three steps. In this sequence, benzene was found to be a crucial solvent for the Grignard reaction and the hydride ion attacked from the cis side with respect to the angular hydrogens in X [19] . The NMR spectral data of synthetic (±)-29 were identical to those previously reported [18] .
In contrast to cis-195A (29), little is known about approaches to the synthesis of trans-195A (44), detected as a trace compound in dendrobatid frogs. Therefore, we pursued the total synthesis of trans-195A (44) from trans-hydrindane 40b. (40a and 40b) , isomeric only at the angular hydrogen, efficiently yielded cis-195A (29) and trans-195A (44), respectively.
(2) Total Syntheses of Boonein, Scholareins A, C, and D Next, we focused on the concise construction of boonein (45) and scholareins A (46), C (47), and D (48). Boonein (45), a possible precursor in indole alkaloid biogenesis, was isolated from the bark of Alstonia boonei in 1983 [20] . The structurally similar 11noriridoids, and scholareins A (46), C (47), and D (48) were also isolated in 2008 from EtOH extracts of A. scholaris bark, a source that is widely distributed in the tropical regions of Africa and Asia [21] . Although two research groups have independently achieved total syntheses of boonein (45), no laboratory synthesis of the scholareins has been described (Figure 3 ).
Although the following catalytic reaction was already described in Table 1 , the yield and the product ratio (15 versus 16) of the second generation palladium-catalyzed cycloalkenylation of 14 was increased after a prolonged reaction time.
After separation of olefins 15 and 16 by silica gel column chromatography, exo-olefin 15 was subjected to allylic oxidation under a variety of conditions. A subset of the conditions and yields examined for the allylic oxidation of 15 are listed in Table 4 . Although no allylic alcohol was obtained using SeO 2 in CH 2 Cl 2 -AcOH, enone 51 was produced in 6% yield (entry 2). Allylic alcohols 49 and 50 were produced in 52% yield as a 9:11 separable mixture upon performing the reaction in the presence of 6.0 equivalents of SeO 2 in CH 2 Cl 2 -AcOH-H 2 O (entry 1). The best result, with 80% yield, was obtained for the reaction using 1.4 equivalents of SeO 2 and 6.4 equivalents of tert-butyl hydroperoxide in CH 2 Cl 2 -THF-HMPA (3.8:8.5:1 v/v) as the solvent (entry 3). The relative stereochemistry of 50 was established on the basis of NOE correlations. It should be noted that the reaction solvent was a critical factor in the allylic oxidation. Investigations into the solvent effects are underway.
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Next, with allylic alcohol 49 in hand, a stereoselective hydrogenation was conducted in the presence of catalytic amounts of Rh-Al 2 O 3 in EtOH, leading to a 4:1 separable mixture of 52 and 53 in nearly quantitative yield. The relative stereochemistry of the major product 52 was elucidated by the NOE correlations. Finally, 52 was transformed into (±)-boonein (45) after removal of the ester moiety using Krapcho reaction conditions (Scheme 9) [22] . The 1 H and 13 C NMR spectra of the synthetic (±)-boonein (45) were identical to those reported previously [20] .
To assemble (±)-scholareins A (46), C (47), and D (48), (±)-boonein (45) was reduced with 2 equivalents of DIBAL-H to give rise to (±)scholarein C (47) in 98% yield. Upon treatment of 47 with PPTS in MeOH-CH 2 Cl 2 at 0 °C, (±)-scholarein D (48) was afforded as a major acetal together with 54. Although (±)-scholarein D (48) was easily separable, (±)-scholarein A (46) was directly produced from a mixture of (±)-scholarein D (48) and 54 in 94% yield when the mixture was treated with boron trifluoride etherate in the presence of triethylsilane (Scheme 9). The spectral properties of the synthetic compounds 46, 47, and 48 were identical to the corresponding previously reported spectra [21] . Since 3-azabicyclo[4.3.0]nonanes are easily obtained using the second generation palladium-catalyzed cycloalkenylation as depicted in Table 3 , we set about the stereoselective total synthesis of α-skytanthine (55). Scheme 10 shows the retrosynthetic analysis. We expected that the target molecule could be obtained through a series of functional group manipulations from 3-azabicyclo[4.3.0]nonane 56, which could be constructed from 57 via the second generation palladium-catalyzed cycloalkenylation process. Substrate 57 could be synthesized from lactone 58 by lactam formation followed by methoxycarbonylation.
Lactone 58 was transformed into the lactam 60 through the amide alcohol 59 in good overall yield. After introduction of a methoxycarbonyl moiety on 60, the desired intermediate, 57, was obtained in 91% yield.
Next, we investigated the second generation palladium-catalyzed cycloalkenylation of the lactam ester 57 under a variety of conditions, as listed in Table 5 . Although the reaction did not proceed at all at room temperature (entry 2), the desired cyclization products 56-exo and 56-endo were obtained in good yield when the reaction was performed at 45 °C in toluene in the presence of 10 mol % Pd(OAc) 2 with additives (entries 3-6). The best result, 70% total yield, was obtained under the reaction conditions listed in entry 5. Without separating the exo and endo isomers, 56 was subjected to hydrogenation in the presence of 10% Pd-C to furnish the saturated lactam ester 61 as a single stereoisomer. In this case, reduction occurred from the side opposite the angular ester group. Applying the Krapcho reaction to 61 afforded lactam 62 as the sole product. Finally, 62 was converted to (±)-α-skytanthine (55) in 88% yield via LiAlH 4 reduction. The spectral data gathered from the synthetic 55 were identical to those gathered from an authentic sample provided by Professor Honda [23] .
Although not detailed in this report, we have also completed total syntheses of onikulactone [24] , mitsugashiwalactone [24] , isoiridomyrmecin [25] , and isodihydronepatalactone [25] by means of the second generation palladium-catalyzed cycloalkenylation protocol. 
